Bocaviruses, which are members of the genus *Bocaparvovirus* (formerly *Bocavirus*), subfamily *Parvovirinae,* family *Parvoviridae*, are small, non-enveloped, linear single-stranded DNA viruses \[[@CR4]\]. In contrast to other parvoviruses, bocaviruses have an additional open reading frame (ORF) between the non-structural and structural coding regions, ORF1 and ORF2, encoding a phosphorylated non-structural protein, NP1 \[[@CR4]\]. The original genus name *Bocavirus* was derived from the names of the first two members of the genus, bovine parvovirus (BPV) and canine minute virus (CnMV) \[[@CR3], [@CR16], [@CR20]\]. However, because the list of viruses belonging to this genus is continually being updated with the discovery of novel viruses from different animal species, the International Committee on Taxonomy of Viruses (ICTV) has changed the taxonomic nomenclature for the family *Parvoviridae*. In the ICTV report updated in 2017 (<https://talk.ictvonline.org/taxonomy/>), the genus *Bocavirus* was renamed *Bocaparvovirus*, and it now includes 21 officially recognized species: *Carnivore bocaparvovirus 1* to *6*, *Chiropteran bocaparvovirus 1* to *4*, *Lagomorph bocaparvovirus 1*, *Pinniped bocaparvovirus 1* and *2*, *Primate bocaparvovirus 1* and *2* and *Ungulate bocaparvovirus 1* to *6*. Bocaviruses can infect a variety of mammalian species, including humans, chimpanzees, gorillas, pigs, cows, bats, dogs, cats, rats, California sea lions, and pine martens \[[@CR4], [@CR15]\]. Bocavirus infections typically cause diseases of the gastrointestinal and respiratory tract in their hosts. Disease symptoms tend to be more severe in young animals and humans, whereas subclinical infection is common in adults \[[@CR8], [@CR15]\]. Worldwide epidemiological surveys have indicated that bocaviruses are widespread in their host species.

Previous research has demonstrated that genetically diverse bocaviruses are present in cats, dogs and minks worldwide \[[@CR6], [@CR11], [@CR21], [@CR23], [@CR24]\]. To date, six members of the genus *Bocaparvovirus* have been identified in carnivores. These viruses belong to the species *Carnivore bocaparvovirus 1* to *6*, and include canine minute virus (CnMV), canine bocavirus 1 (CBoV1), feline bocavirus 1 (FBoV1), feline bocavirus 2 (FBoV2), feline bocavirus 3 (FBoV3) and mink bocavirus (MiBoV1), respectively (<https://talk.ictvonline.org/taxonomy/>). For better understanding, throughout this study we will use exemplar isolate names for each species. CnMV was the first bocavirus known to infect dogs, and it was first isolated from feces of healthy dogs in Germany in 1967 \[[@CR1]\]. CnMV had been recognized to cause neonatal diseases and fertility disorders in dogs in the past 50 years \[[@CR15]\]. In 2012, a novel canine bocavirus, CBoV1, was identified in respiratory samples from dogs, and the virus was associated with respiratory and enteric disease in dogs \[[@CR2], [@CR10]\]. The third canine bocavirus, CnBoV3, which has not been officially assigned to a species), was discovered in canine liver in 2013 and only emerged in the United States \[[@CR13]\]. The discovery of bocavirus infections in cats and minks occurred relatively late. In 2012, a novel bocavirus designated as FBoV-1 was first detected in Hong Kong \[[@CR11]\]. Since then, two highly divergent feline bocaviruses, referred to as FBoV-2 and FBoV-3, were successively identified in the feces of cats \[[@CR17], [@CR26]\]. In 2016, a novel bocavirus, MiBoV1, was first identified in mink in China \[[@CR23]\]. Although some clinical cases of bocavirus infections in carnivores had been reported, their association with disease remains controversial.

As companion animals, cats and dogs often share the same habitat, and interspecies transmission of viruses such as parvovirus, norovirus and influenza virus between them is not uncommon \[[@CR5], [@CR7], [@CR9]\]. Transmission of bocaviruses between cats and dogs is likely due to frequent contact between animals of different species, there are no reports demonstrating that interspecies transmission of bocaviruses occurs between cats and dogs. In this study, we investigate the presence, circulation, and genetic characteristics of canine bocaviruses in domestic cats in northeast China and provide the first molecular evidence of the circulation of CBoV1 in domestic cats.

Fecal samples were collected from private veterinary clinics and animal shelters in northeast China between January 2016 and November 2017. Sample collection was done with the consent of the owners. In total, 197 fresh feces samples were collected from 105 cats with diarrhea and 92 asymptomatic cats. The samples were homogenized in phosphate-buffered saline solution (PBS) at a concentration of about 0.5 g/ml, and the supernatant was collected by centrifugation at 10,000 × *g* for 10 min. Genomic DNA was extracted using a Viral DNA Kit I (Omega, China) according the manufacturer's instructions. Canine bocavirus was detected by PCR using three different primer pairs targeting the NS1 genes of members of three CBoV species as described previously. The size of the amplified DNA fragment was 141 bp for CnMV \[[@CR11]\], 440 bp for CBoV1 \[[@CR6]\], and 386 bp for CnBoV3 \[[@CR25]\]. The CBoV-positive samples were also examined for feline panleukopenia virus (FPV) \[[@CR22]\], FBoV 1 to 3 \[[@CR24]\], feline astrovirus (FeAstV) \[[@CR17]\], feline kobuvirus (FeKoV) \[[@CR14]\] and feline coronavirus (FCoV) \[[@CR17]\] using previously described PCR/RT-PCR assays. Moreover, to determine the genome sequence of CBoV1, four pairs of previously described primers were used to amplify the complete nucleotide sequences \[[@CR2]\]. DNA fragments of 938 bp, 1250 bp, 1988 bp and 1167 bp, respectively, were purified using an AxyPrep DNA Gel Extraction Kit (Axygen, China) and then cloned into the vectors PMD-18T (TaKaRa, China). At least three positive clones for each fragment were sent to Sangon Biotech (Shanghai, China) for Sanger sequencing.

The complete genome sequence was assembled using the SeqMan program, and ORFs were predicted using ORF Finder (<https://www.ncbi.nlm.nih.gov/orffinder/>) and confirmed using Gene Marks (<http://opal.biology.gatech.edu/GeneMark/genemarks.cgi>). The complete genome sequence (5069 nt) and the deduced amino acid sequence (573 aa) of the VP2 gene generated from sample 17CC0312 in the present study and 28 reference sequences obtained from GenBank were aligned using the Clustal W method in DNAstar software, and a phylogenetic tree was constructed using the neighbor-joining method and a p-distance model with 1,000 bootstrap replicates in MEGA 7.0 as described previously by Choi et al. and Li et al. \[[@CR3], [@CR13]\].

Canine bocavirus DNA was detected in one fecal sample using specific primers targeting CBoV1. This positive sample (17CC0312) was collected from an asymptomatic cat (approximately 2 months old) from an animal shelter centre in Changchun in March 2017. Pairwise alignments based on a 440-nt region of the NS1 gene showed that 17CC0312 was closely related to CBoV1 reference sequences and shared 100% nucleotide identity with Korean isolate 14Q216 (KP281720). We also tested for other feline enteric viruses, including FPV, FBoV 1 to 3, FeAstV, FeKoV and FCoV in sample 17CC0312, and the results were negative. Moreover, all of the fecal samples tested negative for CnMV and CnBoV3.

The nearly complete CBoV genome sequence has been deposited in the GenBank database under accession number MH626633. It is 5,069 nt in length and contains four ORFs. ORF1, ORF2 and ORF3 are predicted to encode a 667-aa non-structural protein (NS1), a 711-aa VP1/VP2 capsid protein, and a 195-aa NP1 protein, respectively. An additional ORF (ORF4) encoding an unknown 144-aa protein that was already reported in previous studies \[[@CR3], [@CR11]\] was found in the genome of 17CC0312, (Fig. [1](#Fig1){ref-type="fig"}). The genomic structure of 17CC0312 was coincident with that of CBoV1 reference strains HK831F (JQ692591), 14Q216 (KP281720) and 14Q209 (KP281719). Recent studies have shown that CBoV1 strains have a second exon in their genome encoding the C-terminal region of NS1 and containing conserved RNA-splicing signals near the end of NS1, which may generate a longer NS1 protein \[[@CR3]\]. ORF4, immediately downstream of ORF1, might also be generated by the second exon, but the splicing signals were changed to a cleavage signal. At present, the function of the ORF4-encoded protein is not known, but some investigations have found that it might enhance the pathogenicity of CBoV1 \[[@CR3], [@CR11]\]. In this study, ORF4 was found in a CBoV1 strain identified in an asymptomatic cat, suggesting that the pathogenicity of CBoV1 might be related to the host. Further investigation is needed to confirm the relationship between the presence of ORF4 and the host range and pathogenicity of CBoV1.Fig. 1Comparative genome organization of canine bocavirus 1 strain 17CC0312 identified in cats in this study and other reference strains of canine bocavirus 1. Grey boxes labelled "Exon 2" represent the second exon of the NS1 protein, and arrows indicate RNA-splicing sites

The 17CC0312 isolate shared at least 90.3% nucleotide sequence identity with other CBoV1 reference sequences, including Con-161 (90.3%, JN648103), TH-2016 (93.3%, MG025952), 14Q209 (94.5%, KP281719), 14Q216 (97.6%, KP281720), and HK831F (97.9%, JQ692591). However, when compared to CnMV, CnBoV3, and FBOV reference strains, the genome nucleotide sequence identity was less than 65%. A neighbor-joining phylogenetic tree based on the full-length genome sequences showed that the 17CC0312 isolate belongs to the species *Carnivore bocaparvovirus* (Fig. [2](#Fig2){ref-type="fig"}a). Then, a similarity plot analysis based on the nearly complete genome sequence showed that all CBoV1 sequences were very similar to each other in the NS1 and NP1 regions, but less similar in the VP2 region (Fig. [3](#Fig3){ref-type="fig"}). A phylogenetic tree based on the deduced amino acid sequences of the complete VP2 gene of CBoVs showed that all CBoV1 strains grouped into three lineages and that 17CC0312 clustered within CBoV1 lineage 3 (Fig. [2](#Fig2){ref-type="fig"}b). The complete VP2 protein of 17CC0312 was predicted to be at least 98.6% identical to those of the reference strains within CBoV1 lineage 3, including 14Q216 (KP281720), 13D250 (KP281716) and HK831F (JQ692591), at the amino acid level. Moreover, no unique amino acid changes were found in the genome of 17CC0312.Fig. 2Phylogenetic analysis based on the nucleotide sequence of full-length genome (a) and the deduced amino acid sequences of the complete VP2 gene (b). A multiple alignments including the sequences of 17CC0312, canine bocavirus reference strains, and FBoV reference strains as an out-group were performed using the Clustal W program, and phylogenetic trees were constructed using the neighbour-joining method with 1,000 bootstrap replicates, and only bootstrap values \> 70% are displayed above the tree branches. The strain names, country, year of isolation, GenBank accession number, percent sequence identity (in parentheses) compared to 17CC0312, and the species of the canine bocavirus are shown in each phylogenetic tree. CBoV-2 lineages proposed in the present study are only shown in the phylogenetic tree based on the complete VP2 protein sequence (b). A black square indicates CBoV1 strain 17CC0312 identified in cats in the present studyFig. 3Similarity plot analysis of the complete genome sequences of 17CC0312 (blue), four CBoV1 reference strains, including Con-161 (green), 13D009 (violet), 14Q216 (red) and GZHD15 (pink), CnMV strain HM-6 (gray) and CnBoV3 strain UCD (black) as out-group sequences, and CBoV1 strain HK831F as a query sequence, using the Kimura 2-parameter model with a sliding window of 200 nt and a moving step size of 20 nt. The NS1, NP1, VP1 and VP2 regions are separated by red lines, and the nucleotide positions refer to the full-length genome sequence of CBoV1 strain HK831F

The parvovirus capsid protein VP2 plays a critical role in determining viral antigenicity, pathogenicity and host range. In previous studies, it had been demonstrated that changes in the host range of CPV are mainly dependent on a high rate of mutation and the positive selection of mutations in the VP2 protein \[[@CR19]\]. Genetic diversity was also observed in the VP2 protein of CBoV1. Phylogenetic analysis suggested that CBoV1 strains belong to three different lineages, and CBoV1 strains within the same lineage possess stable and common mutations in the VP2 protein. These mutations might also be responsible for the change in host range of CBoV1. Moreover, it had been documented that CnMV can infect feline kidney cells in *vitro* \[[@CR12], [@CR18]\], suggesting that cats may be carriers of CBoVs.

Cats and dogs are common companion animals that often live in close contact with each other. The frequent contact increases the probability of interspecies transmission of viruses. In the present study, CBoV1 strain 17CC0312 was identified in a domestic cat in an animal shelter that had adopted many cats and dogs. These animals had direct contact with each other daily, which might have resulted in the transmission of CBoVs from dogs to cats through the fecal-oral route, as has been observed with canine parvovirus. CBoV1 was also found in fecal samples from two dogs at the same animal shelter with mild diarrhea. Pairwise alignments based on a portion of the VP2 gene showed that the two CBoV1 sequences identified in dogs were 99.9% identical to 17CC0312 (data not shown), suggesting that the feline CBoV1 might have originated from these two dogs.

Collectively, our study provides the first molecular evidence of the presence of CBoV1 in cats and raises the possibility that cats may be carriers of CBoV1. Further investigations in more countries are needed to confirm that the infection with canine bocaviruses can occur in both cats and dogs.
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